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I
t is rare that a fully functional bio-
logical system presents a simple
biophysical problem. The problem
of viral DNA packaging comes tan-
talizingly close: What forces are re-
quired to stuff double-stranded DNA
of fixed length into a container of fixed
volume? Now that biophysicists have
developed the capability to measure
such forces, theoretical solutions to this
problem can be directly tested, as shown
in the article by Fuller et al. (1) in this
issue of PNAS. Because the theories
describing these experiments involve
relatively simple thermodynamics, the
experiments present an excellent model
system to test our understanding of
DNA biophysics. Surprisingly, the au-
thors find that recent models to describe
DNA packaging in bacteriophages do
not quantitatively predict the results of
experiments in which solution conditions
are changed.
Over the past several years, new tech-
niques have been developed to measure
the pressure required to hold packaged
DNA inside a bacteriophage capsid
(2–4) and the forces required to achieve
such packaging (1, 5). These two com-
plementary experiments have yielded
several theoretical attempts to describe
the biophysical mechanisms governing
the DNA packaging and ejection pro-
cesses. Because the biophysical proper-
ties of double-stranded DNA under a
variety of solution conditions have been
studied for many years, it should be pos-
sible to make detailed quantitative pre-
dictions for DNA packaging as solution
conditions are varied.
Theoretical treatments of DNA pack-
aging have typically separated the ener-
getics of the final packaged structure
into two components: the energy re-
quired to bend the DNA in order for it
to fit into the small viral capsid and the
interaction energy between portions of
the DNA as it becomes tightly packed
(6–10). Because DNA is a highly nega-
tively charged polymer, it is expected
that one of the primary contributions to
the energetic cost of packaging DNA is
due to the electrostatic repulsion be-
tween different parts of the DNA
molecule, and the magnitude of this
repulsion will depend strongly on the
presence of cations in solution, which
condense on DNA, effectively screening
the electrostatic repulsion (11) and al-
tering DNA hydration (12). Therefore,
the reformulated problem becomes:
What is the energetic cost to package a
negatively charged polymer with known
elasticity into a small container when
a fixed concentration of cations is
available to screen the electrostatic
repulsion?
Of course, there are complications to
this problem. First, the elasticity of the
DNA itself may depend on cation con-
centration. Second, the interaction en-
ergy between portions of the DNA
molecule is not purely electrostatic.
Additional energetic costs to condensing
DNA into a small space arise from
hydration changes, in which water is
excluded from space occupied by the
DNA, and entropic effects due to the
change in the number of available mo-
lecular configurations for a given con-
densed structure. Although Odijk (13)
recently discussed the contributions of
these effects to viral DNA packaging,
quantitative first principles calculations
of DNA interaction energies are not yet
available. Fortunately, the elasticity of
DNA (14–16) and the forces required
to compact DNA strands close together
(12, 17) have both been independently
measured at various cation concentra-
tions. Therefore, in principle one can
use these measurements to calculate the
elastic and interaction energies under
given solution conditions and then quan-
titatively predict the forces required to
package DNA in a specific configuration
into a given viral capsid. Such a calcula-
tion was recently done by Purohit et al.
(7), for which they used an empirical
function for the interaction between
compacted DNA segments from osmotic
pressure measurements and assumed a
standard wormlike chain elasticity for
DNA. Those results provide a quantita-
tive prediction for the packaging forces
in bacteriophage 29, which are directly
tested in the work by Fuller et al. (1).
To investigate the effects of simple
changes in counterion valence and con-
centration on DNA packaging and por-
tal motor function, Fuller et al. (1)
measured the rate of DNA packaging by
single bacteriophage 29 portal motors
under a fixed applied force by using an
optical tweezers instrument (Fig. 1a).
Surprisingly, they found that the packag-
ing rate did not directly correlate with
the fractional DNA charge screened un-
der specific ionic conditions. Therefore,
a simple model in which packing is in-
hibited by electrostatic repulsion does
not hold, because additional screening
of these interactions does not necessarily
result in faster packaging, but changes in
ionic conditions do strongly affect the
packaging rate. They also found that
packaging was inhibited in the absence
of magnesium, suggesting that the portal
motor requires magnesium as a cofactor.
The fact that both the amount of
DNA packaged and the packaging ve-
locity did not vary consistently with
cationic screening suggested that the
cations alter motor function. By obtain-
ing constant force DNA packaging rates
at both low and high capsid filling and
factoring out the changes in motor func-
tion, the authors separated the effects of
solution conditions on the properties
of the motor from the effects due to
DNA confinement. They then calculated
the relative packaging rate for a given
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Fig. 1. Measurements of DNA packaging forces.
(a) Schematic diagram of the optical tweezers ex-
periment by Fuller et al. (1), in which the rate of
DNA packaging by bacteriophage 29 is measured
as a function of force for high and low filling
fractions. (b) Disagreement between theory and
experiment may be due to the inability of the DNA
to achieve an equilibrium structure during initial
packaging. (c) Theoretical calculations of the inter-
nal packaging force assume an idealized DNA
configuration.











fraction of genome packaged, and, by
determining the force at which that
packaging rate occurred, obtained the
internal force as a function of the per-
centage of genome packaged. This inter-
nal force can be compared directly with
theoretical calculations.
The calculated internal force as a
function of genome packaged showed
the expected trend that the internal
force decreased at higher ionic strength
and for counterions of higher valence
(1). However, the model of Purohit et
al. (7) provides specific quantitative pre-
dictions for the expected internal force,
and, surprisingly, the observed internal
forces are much higher than those pre-
dicted by the model. The model by
Odijk (13) also predicts a lower force
than that observed in the packaging ex-
periments. There are several possible
reasons for this significant disagreement
between experiment and theory.
Although the model under consider-
ation involves relatively straightforward
thermodynamics, several assumptions
are made that may be reconsidered.
First, it is assumed that all of the work
done to package the DNA is stored as
potential energy in the packaged DNA
configuration. However, if friction
played a significant role in the packag-
ing process itself, this would explain a
higher observed packaging force, al-
though several authors have concluded
that friction is likely negligible during
packaging (1, 7, 13). To fully resolve this
question, experiments are needed to in-
dependently test the role of friction in
viral packaging. The assumption of ther-
modynamic equilibrium also may not
hold, because the molecular configura-
tion achieved during packaging might
not be the same as that achieved in the
final equilibrium state (Fig. 1b). Finally,
the equilibrium coaxial spool structure
assumed inside the virus may not be
correct, although x-ray diffraction stud-
ies suggest an ordered structure (Fig.
1c) (18). In addition, errors in measure-
ments of capsid volume will significantly
affect the calculated internal force (19).
Higher-resolution structures of DNA
packaged inside the bacteriophage are
needed to answer these questions.
Along with questions regarding the
assumptions that go into a thermody-
namic model for DNA packaging, there
also may be questions about the validity
of the parameters chosen to describe the
packaging energy. For example, the cal-
culations of Purohit et al. (7, 8) assume
that the DNA persistence length, which
is roughly the length scale over which
thermal fluctuations cause the molecule
to bend, is 50 nm, which holds for high
monovalent salt concentrations (14–16).
In contrast, the persistence length is re-
duced by more than a factor of two (in-
dicating a much more flexible DNA
molecule) (14, 15) in the presence of
divalent and trivalent counterions, and
eventually the DNA will collapse in the
presence of high concentrations of mul-
tivalent cations (20). Because the diame-
ter of a virus capsid is typically of the
order of 50 nm, small changes in DNA
flexibility may have a significant effect
on the energetics of DNA packaging.
However, this correction should lower
the predicted internal force, so it cannot
explain the current disagreement be-
tween theory and experiment. Another
primary input to the model is the inter-
action energy measured in osmotic pres-
sure experiments. Although these data
are available under a variety of solution
conditions, the exact same solution con-
ditions are not used in Fuller et al. (ref.
1; see also refs. 12 and 17).
The results from Fuller et al. (1)
present significant new information on a
biologically important model system that
will allow further testing of biophysical
theories that describe DNA bending and
DNA interaction. Although the results
clearly call for the reevaluation of theo-
ries that describe DNA compaction and
DNA interaction forces, new experi-
ments are needed to provide more
complete quantitative input to the bio-
physical models being developed. Addi-
tional work should include independent
measurements of DNA interaction ener-
gies and DNA flexibility under different
solution conditions, high-resolution
structures of DNA inside the viral cap-
sid, and experiments to test the possibil-
ity of frictional forces or nonequilibrium
dynamics during the packaging process.
Finally, further experiments measuring
DNA ejection forces as a function of
solution conditions as well as DNA
packaging forces will shed significant
new light on the important biophysical
problem of DNA packaging.
1. Fuller DN, Rickgauer JP, Jardine PJ, Grimes S,
Anderson DL, Smith DE (2007) Proc Natl Acad
Sci USA 104:11245–11250.
2. Evilevitch A (2006) J Phys Chem B 110:22261–
22265.
3. Evilevitch A, Gober JW, Phillips M, Knobler CM,
Gelbart WM (2005) Biophys J 88:751–756.
4. Evilevitch A, Lavelle L, Knobler CM, Raspaud E,
Gelbart WM (2003) Proc Natl Acad Sci USA
100:9292–9295.
5. Smith DE, Tans SJ, Smith SB, Grimes S, Ander-
son DL, Bustamante C (2001) Nature 413:748–
752.
6. Kindt J, Tzlil S, Ben-Shaul A, Gelbart WM (2001)
Proc Natl Acad Sci USA 98:13671–13674.
7. Purohit PK, Inamdar MM, Grayson PD, Squires
TM, Kondev J, Phillips R (2005) Biophys J 88:851–
866.
8. Purohit PK, Kondev J, Phillips R (2003) Proc Natl
Acad Sci USA 100:3173–3178.
9. Tzlil S, Kindt JT, Gelbart WM, Ben-Shaul A
(2003) Biophys J 84:1616–1627.
10. Riemer SC, Bloomfield VA (1978) Biopolymers
17:785–794.
11. Manning GS (1978) Q Rev Biophys 11:179–
246.
12. Rau DC, Parsegian VA (1992) Biophys J 61:260–
271.
13. Odijk T (2004) Philos Trans R Soc London A
362:1497–1517.
14. Baumann CG, Smith SB, Bloomfield VA, Busta-
mante C (1997) Proc Natl Acad Sci USA 94:6185–
6190.
15. Wang MD, Yin H, Landick R, Gelles J, Block SM
(1997) Biophys J 72:1335–1346.
16. Wenner JR, Williams MC, Rouzina I, Bloomfield
VA (2002) Biophys J 82:3160–3169.
17. Rau DC, Lee B, Parsegian VA (1984) Proc Natl
Acad Sci USA 81:2621–2625.
18. Earnshaw WC, Harrison SC (1977) Nature
268:598–602.
19. Grayson P, Evilevitch A, Inamdar MM, Purohit
PK, Gelbart WM, Knobler CM, Phillips R (2006)
Virology 348:430–436.
20. Bloomfield VA (1997) Biopolymers 44:269–282.
The elasticity of
DNA may depend on
cation concentration.
11126  www.pnas.orgcgidoi10.1073pnas.0704764104 Williams
